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Electronic effects of asymmetric and meta-alkoxy
substituents on the polymerization behavior of
bis-benzoxazines
Ya Lyu, a,b Eric Rachita,a Nicholas Pogharian, a Pablo Froimowiczc and
Hatsuo Ishida *a
Three isomers of benzoxazine monomers based on m-alkoxyphenol and 4,4’-methylenedianiline were
synthesized and successfully isolated by column chromatography. The molecular structures of benzoxa-
zine monomers were confirmed by proton nuclear magnetic resonance (1H NMR) and Fourier-transform
infrared (FT-IR) spectroscopy. The polymerization behavior evaluated by differential scanning calorimetry
(DSC) shows that the asymmetric isomer, which has a methoxy group at the 5-position and 7-positions
(5,7’MO-ddm), has only one exothermic peak between temperatures of the other two symmetric isomers.
The 1H NMR spectrum of monomers shows that the type and position of alkoxy groups can exert
different effects on the electron density of the oxazine ring, and may result in a sensitive trend of ring-
opening. The difference in electron densities was verified by the Gaussian simulation calculation results of
natural charges. In this work, we provide a fundamental molecular-level understanding of the polymeriz-
ation mechanism of asymmetric bis-benzoxazines, which can provide possibilities for designing new
benzoxazines in order to solve the potential disadvantages of benzoxazines/polybenzoxazines and/or
enhance their advantages.
1 Introduction
Material researchers and industries have been greatly inter-
ested in benzoxazine resins and their crosslinked counterpart,
polybenzoxazines, because of their well-balanced physical and
mechanical properties. Furthermore, because of their excellent
thermal stability and mechanical strength along with vast
molecular design flexibility, they can overcome several short-
comings of conventional resins while retaining their
advantages.1–5 The striking properties of polybenzoxazines
include fire resistance,6–11 high char yield,12 low water absorp-
tion,13 high mechanical strength,13 high glass transition
temperatures (Tg),
14 no or limited shrinkage upon
polymerization13,15–17 and no major reaction byproduct for-
mation during polymerization.4 However, polybenzoxazines,
formed from mono-oxazine benzoxazine monomers, still have
the disadvantages of typical monomer-based thermosetting
resins, such as brittleness, although this problem has been les-
sened using the so-called main-chain type, side-chain type, or
telechelic polybenzoxazine precursors.18–20
Polymers from mono-oxazine benzoxazines normally have a
low molecular weight of approximately 4000 g mol−1 or less
because of low crosslinking, which comes from the compe-
tition between the thermal dissociation or intramolecular
hydrogen bond formation and the chain propagation of
monomer.21,22 As a result, mono-oxazine benzoxazines are
rarely used as high-performance materials. Difunctional
benzoxazines allow crosslinking to yield polymers with an infi-
nite molecular weight and, therefore, can be processed to
shaped materials with excellent mechanical strengths.23–25 Bis-
benzoxazines provide design versatility and flexibility not only
because of a large number of diphenols and diamines with
different bridging groups that are readily available, but also
because the attachment of different functional groups at
different positions on benzene rings is possible.26 These are
the two main factors affecting the ring-closing reaction of
benzoxazine, and consequently affect its ability to participate
in ring-opening polymerization.27–29 Promising solutions to
enhance the properties of polybenzoxazines and tailor their
processing conditions come from the nature of the substi-
tution of the bridged and lateral groups forming the particular
functionality of the benzoxazines.
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Electronic effects, consisting of the withdrawing or donat-
ing of bridging groups and lateral groups, are important
factors that act on thermal activation, the yield of the syn-
thesis, and the properties of polybenzoxazines. Wang et al.30
discussed in detail six bis-benzoxazines based on bisphenols
with different bridging groups, –C(CH3)2–, –CH2–, –O–, –CO–,
–SO2–, and single bonds. The electron-withdrawing groups
promoted thermally activated polymerization and decreased
polymerization temperatures by increasing the bond length
and lowering the bond energy of C–O on oxazine rings. Ohashi
et al.31 evaluated the effect of the substituents on their
polymerization behavior through the systematic variation of
the electronic properties of substituents in order to evaluate
their effects on the polymerization process of benzoxazines.
The electron-withdrawing groups introduced at the para-posi-
tion of phenolic OH were nitro (NO2), cyano (CN), trifluoro-
methyl, aldehyde (CHO), trifluoromethoxy (OCF3), chloro (Cl),
bromo (Br), and fluoro (F) groups, and the electron-donating
groups were methylthio (SMe), phenyl (C6H5), methyl (CH3),
isopropyl (iPr), tert-butyl (tBu), ethoxy (OCH2CH3), methoxy
(OCH3), and butoxy (OCH2CH2CH2CH3). Increased electron
withdrawal of the para-substituent on phenol lowers the
polymerization temperature.
Previous work demonstrated that the positions of substi-
tuted functional groups affect the ring-opening behavior and
properties of polybenzoxazine. The ortho- and para-position
amide benzoxazines induce intramolecular hydrogen bonding
between the amide proton and the oxygen atom of the oxazine
ring, which results in significant differences in their polymer-
ization temperatures.32 The presence of a methylol group
accelerates the ring-opening polymerization and decreases
polymerization temperatures followed by the order of the para-
, meta-, and ortho-positions.33,34 m-Alkoxyphenol was chosen
for synthesis with linear aliphatic diamine, and the formed
benzoxazine monomers presented ultra-low polymerization
temperature, low viscosity, and good shelf life.35
Designing asymmetric bis-benzoxazine monomers by
adding different functionalities to benzoxazine monomers
could be a new approach to achieve desirable properties of
polybenzoxazines. An asymmetric bis-benzoxazine monomer
was synthesized by aminophenol in which both OH and the
primary amino formed an oxazine ring. Asymmetric benzoxa-
zine, n-hexyl-benzoxazine, and n-butyl-benzoxazine have
exhibited Tp in the range of 210–240 °C.
36 Dumas et al.37 syn-
thesized asymmetric benzoxazine monomers from phenol,
eugenol, and 1,4-phenylenediamine. Puchot et al.38 designed
an asymmetric bio-based bis-benzoxazine monomer based on
vanillin and cardanol, which exhibited a lower melting point
similar to that of cardanol-based benzoxazine and a Tp similar
to that of a vanillin- and cardanol-based benzoxazine. A
similar synthesis approach was also performed with guaiacol
and cardanol to obtain an asymmetric monomer.25 Very inter-
estingly, a single exothermic peak in the differential scanning
calorimetry (DSC) curve thermogram is commonly observed
despite the possibility of the existence of different oxazine
structures, which indicates that all the ring-opening polymeriz-
ation occurs at the same time rather than separately. Ganfoud
et al.39 synthesized asymmetric card-phenol, which exhibits
multi-exothermic peaks, but they explained that this phenom-
enon indicates the degradation of the long carbon chain.
To summarize, certain meta-position functional groups
accelerate the effects on the ring-opening character of benzoxa-
zine monomers and the properties of polybenzoxazines, while
they can also create asymmetric benzoxazines with bi-amine
diamines. Motivated by these facts, this work aims to study the
benzoxazine monomers synthesized with di-aniline and
m-methoxyphenol or m-butoxyphenol, in order to explore the
electronic effect of meta-groups and the polymerization
mechanism of asymmetric benzoxazines. Due to the asym-
metric nature of the phenol, the synthesized monomer con-
tains a mixture of isomers. The pure isomers, which are the
5,5′-, 5,7′- and 7,7′ isomers that are substituted at the 5-posi-
tion and 7-position, were isolated and purified by column
chromatography. The structures of the separated monomers
were analyzed by proton nuclear magnetic resonance
(1H NMR) and Fourier transform infrared (FT-IR) spectroscopy.
Electron density distribution was also calculated by the com-
mercially available program Gaussian.
2 Experimental
2.1 Materials
Custom synthesized m-butoxyphenol was received from
CheMall Corp. m-Methoxyphenol (≥95%) and 4,4′-diaminodi-
phenylmethane (≥97%) (DDM) were purchased from Aldrich.
Paraformaldehyde (reagent grade) was obtained from Sigma-
Aldrich. All solvents were obtained from Fisher Chemical and
used as received.
2.2 Synthesis of bis(4-((8-methoxy)-2H-benzo[e][1,3]oxazin-3
(4H)-yl)-phenyl)methane (abbreviated as MO-ddm)
Toluene (50 mL) was added to a mixture of m-methoxyphenol
(7.44 g, 60 mmol), paraformaldehyde (3.9 g, 130 mmol), and
DDM (5.95 g, 30 mmol) in a 250 mL round-bottom flask. The
mixture was magnetically stirred and heated under reflux for
6 h. The completed reaction product was washed three times
with 1 N NaOH and then three times with water. The product
was dried over anhydrous magnesium sulfate, and the toluene
was evaporated afterward. The resulting benzoxazine
monomer theoretically includes the three isomers (5,5′-, 5,7′-,
and 7,7′-). Scheme 1 shows the preparation of MO-ddm and
BO-ddm.
Several reports indicated that the formation of diamine-
based benzoxazine is difficult because of its poor solubility
and the intermediate of the triaza structure. In a previous
study, the researchers solved this problem by the use of non-
polar solvents with a high boiling point, particularly xylene.40
However, this method is not successful when m-methoxy-
phenol is used. After 5 hours of the reaction of DDM, m-methoxy-
phenol, and paraformaldehyde, the temperature was increased
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to 135 °C, and the mixture became a gel due to the high reac-
tivity of the monomers formed.
Considering the reactivity of m-alkoxyphenol, chloroform
was used as the solvent at the reflux temperature. However, it
was found that the reaction product was difficult to handle
because the mixture became deep colored when it was base
washed and the solvent was removed. By changing the solvent
to toluene, this problem was overcome. After 4 hours of the
reaction using toluene, there was a little insoluble triaza struc-
ture in the mixture, which was not changed anymore over
time. Therefore, the results reported in the current study are
based on synthesis using toluene as the solvent.
The product was separated and purified by column chrom-
atography with a fractional elution procedure that was applied
by using a series of increasingly more polar solvents – hexane/
acetone in 10 : 1, hexane/acetone in 5 : 1, and then hexane/
acetone in 2 : 1. The column packs 40 times the sample
amount of silica gel, with a height-to-diameter ratio of 8 : 1.
Three isomers were collected, and the yield of the total
isomers was 92%.
5,5′MO-ddm, 1H NMR (CDCl3, 600 MHz
1H, 298 K, δ): 3.79
(s, 8H, Ar–CH2–Ar and O–CH3), 4.50 (s, 4H, N–CH2–Ar), 5.27 (s,
4H, O–CH2–N), 6.42 (ddd, J = 20.0, 8.3, 0.9 Hz, 4H, H-6 and
H-8), 7.08–6.98 (m, 10H, Ar and H7). FT-IR spectra (KBr):
1239 cm−1 (C–O–C asymmetric stretching), 1077 cm−1 (sym-
metric stretching of C–O–C), and 945 cm−1 (benzoxazine-
related band).
5,7′ MO-ddm, 1H NMR (CDCl3, 600 MHz
1H, 298 K, δ): 3.73
(s, 3H, O–CH3 at the 7-position), 3.79 (s, 5H, Ar–CH2–Ar and
O–CH3 at the 5-position), 4.50 and 4.52 (s, 4H, N–CH2–Ar), 5.27
and 5.29 (s, 4H, O–CH2–N), 6.34 (d, J = 2.6 Hz,
1H, H-8′), 6.42
(m, 3H, H-6, H-6′ and H-8), 6.87 (dt, J = 8.4 Hz, 1H, H-5′),
7.08–6.97 (m, 9H, Ar and H7) FT-IR spectra (KBr): 1240 cm−1
(C–O–C asymmetric stretching), 1104 cm−1 (symmetric stretch-
ing of C–O–C), and 947 cm−1 (benzoxazine-related band).
7,7′MO-ddm, 1H NMR (CDCl3, 600 MHz
1H, 298 K, δ): 3.73
(s, 6H, O–CH3 at the 7-position), 3.79 (s, 2H, Ar–CH2–Ar), 4.52
(s, 4H, N–CH2–Ar), 5.30 (s, 4H, O–CH2–N), 6.34 (d, J = 2.6 Hz,
2H, H-8), 6.46 (dd, J = 8.4, 2.7 Hz, 2H, H-6), 6.87 (dt, J = 8.4 Hz,
2H, H-5), 7.08–6.97 (m, 8H, Ar) FT-IR spectra (KBr): 1239 cm−1
(C–O–C asymmetric stretching), 1104 cm−1 (symmetric stretch-
ing of C–O–C), and 978 cm−1 (benzoxazine related band).
2.3 Synthesis of bis(4-((8-butoxy)-2H-benzo[e][1,3]oxazin-3
(4H)-yl)-phenyl)methane (abbreviated as BO-ddm)
In a 250 mL round-bottomed flask equipped with a magnetic
stirrer, m-butoxyphenol (9.97 g, 60 mmol), paraformaldehyde
(3.9 g, 130 mmol), DDM (5.95 g, 30 mmol), and toluene
(50 mL) were added and stirred at reflux for 6 h. As the reac-
tion mixture cooled, the raw product was washed with 1 N
NaOH three times and water three times. The product was
dried over anhydrous magnesium sulfate, and the toluene was
evaporated afterward.
BO-ddm was separated and purified by column chromato-
graphy using a hexane/acetone mixture (10 : 1) as the eluent,
and with a column of the same size and with the same
amount of silica gel as the column used for MO-ddm separ-
ation. Two compounds were separated from the product,
although theoretically, three isomers are possible: the first
band collected was a yellow sticky liquid, and after the yellow
band eluted completely, the second product was obtained in
the form of a white powder. The yield of the total isomers was
93%.
5,7′BO-ddm, 1H NMR (CDCl3, 600 MHz
1H, 298 K, δ):
0.94–1.00 (m, 6H, –CH3), 1.42–1.52 (m, 4H, –CH2–CH3),
1.69–1.79 (m, 4H, O–CH2–CH2–), 3.80 (s, 2H, Ar–CH2–Ar), 3.88
(t, 2H, O–CH2– at the 7-position), 3.95 (t, 2H, O–CH2– at the
5-position), 4.50 and 4.51 (s, 4H, N–CH2–Ar), 5.27 and 5.28 (s,
4H, O–CH2–N), 6.33 (d, J = 2.5 Hz,
1H, H-8), 6.41–6.45 (m, 3H),
6.85 (d, J = 8.4 Hz, 1H, H5), 7.07–6.97 (m, 9H, Ar and H7).
FT-IR spectra (KBr): 1240 cm−1 (C–O–C asymmetric stretching),
1106 cm−1 (symmetric stretching of C–O–C), and 951 cm−1
(benzoxazine-related band).
Scheme 1 Synthesis of benzoxazine monomers based on m-alkoxyphenol and DDM yielding 5,5’- (top), 5,7’- (middle), and 7,7’- (bottom) isomers.
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7,7′BO-ddm, 1H NMR (CDCl3, 600 MHz
1H, 298 K, δ): 0.95
(t, 6H, –CH3), 1.42–1.49 (m, 4H, –CH2–CH3), 1.70–1.76 (m, 4H,
O–CH2–CH2–), 3.79 (s, 2H, Ar–CH2–Ar), 3.88 (t, 4H, O–CH2– at
the 7-position), 4.51 (s, 4H, N–CH2–Ar), 5.29 (s, 4H, O–CH2–N),
6.33 (d, J = 2.5 Hz, 2H, H-8), 6.45 (dd, J = 2.4 and 8.4 Hz, 2H,
H-6), 6.86 (dt, J = 8.4 Hz, 2H, H-5), 7.06–6.97 (m, 8H, Ar). FT-IR
spectra (KBr): 1256 cm−1 (C–O–C asymmetric stretching),
1108 cm−1 (symmetric stretching of C–O–C), and 972 cm−1
(benzoxazine-related band).
2.4 Synthesis of bis(4-(2H-benzo[e][1,3]oxazin-3(4H)-yl)phenyl)
methane (abbreviated as PH-ddm)
In a 50 mL round-bottomed flask equipped with a magnetic
stirrer, DDM (5.95 g, 30 mmol), phenol (5.64 g, 60 mmol), par-
aformaldehyde (3.9 g, 130 mmol) and toluene (40 mL) were
added and stirred at reflux for 6 h. As the reaction mixture
cooled, the raw product was washed with 1 N NaOH three
times and water three times. The product was dried over anhy-
drous magnesium sulfate, and the toluene was evaporated
afterward. The product was dissolved in methylene chloride
for column chromatographic purification using hexane/
acetone (10 : 1) as the eluent.
PH-ddm, 1H NMR (CDCl3, 600 MHz
1H, 298 K, δ): 3.78 (s,
2H, Ar–CH2–Ar), 4.57 (s, 4H, N–CH2–Ar), 5.31 (s, 4H, O–CH2–
N), 6.77–7.10 (m, 16H, Ar). FT-IR spectra (KBr): 1226 cm−1
(C–O–C asymmetric stretching), 942 cm−1 (benzoxazine-related
band).
2.5 Measurements
1H nuclear magnetic resonance (NMR) spectra were acquired
on a Varian Oxford AS600 at a proton frequency of 600 MHz.
The average number of transients for 1H NMR measurement
was 64. A relaxation time of 10 s was used for the integrated
intensity determination of the 1H NMR spectra. Fourier trans-
form infrared (FTIR) spectra were obtained using a MB300
FTIR spectrometer, which was equipped with a deuterated tri-
glycine sulfate (DTGS) detector and a dry air purge unit.
Coadditions of 32 scans were recorded at a resolution of
4 cm−1. A TA Instruments differential scanning calorimeter
(DSC) Model 2920 was used with a heating rate of 10 °C min−1
and a nitrogen flow rate of 60 mL min−1. All samples were
sealed in hermetic aluminum pans.
3 Results and discussion
Syntheses of the methoxy isomers from m-methoxyphenol and
4,4′-diaminodiphenylmethane (DDM) are shown in Scheme 1.
3.1 1H NMR analysis
The structures of the isomers were analyzed by 1H NMR. All
spectra in Fig. 1 for MO-ddm show that the protons between
two aromatic rings (Ar–CH2–Ar) for all isomers give the signal
at 3.79 ppm as a singlet. The characteristic resonances of the
oxazine rings that were assigned to the –CH2–N–Ar and –O–
CH2–N– protons appeared as two singlets at 4.50–4.52 and
5.27–5.29 ppm, respectively. These characteristic oxazine reso-
nances are almost always separated by 0.8–0.9 ppm, and the
observed values are in accordance with this trend.4 The asym-
metric 5,7′ isomer gave rise to two resonances in two frequency
regions. This splitting was not caused by the signal splitting
led by the spin–spin coupling between 1H nuclei because there
are no adjacent nuclei. The two resonances appear because of
the magnetic environment inequality of these particular
benzoxazine rings. The chemical shifts given by the side of the
7-position alkoxy are greater than those of the 5-position. The
greater chemical shifts indicate more deshielding and less
electron density of the oxazine ring. The NMR resonance has a
significant influence on the ring-opening of oxazine, and
therefore, is subtly related to polymerization temperature,
which will be discussed in later sections.31,41
The most significant difference between the three spectra
of 5,5′MO-ddm, 5,7′MO-ddm, and 7,7′MO-ddm is in the range
of 3.73–3.79 ppm. The integrated intensities of the 3.79 ppm
resonance have different values that are in the order of 2, 1.25,
and 0.5 times those of the O–CH2–N protons, which indicate
that the proton numbers of these resonances are 8, 5, and 2.
The integration intensities of the 3.73 ppm resonance in 5,7′
MO-ddm and 7,7′MO-ddm indicate that there are 3 and 6
protons, respectively, and therefore, the resonances of
3.73 ppm are assigned to the 7-position methoxy protons. In
contrast, the methoxy group at the 5-position gives rise to reso-
nance at 3.79 ppm, which is overlapped with the signals of Ar–
CH2–Ar. This is why there are different values of integrated
intensities at the 3.79 ppm resonance.
The different resonances of the methoxy protons in the 5-
and 7-positions indicate that their environments are different
because of their position on the benzene ring. The methoxy
protons are influenced by the groups on the benzene rings. If
the methoxy group is at the ortho-position of the methylamino
group, the protons signal is shifted downfield and produces a
resonance at 3.79 ppm; otherwise, they produce a resonance at
Fig. 1 1H NMR spectra of (a) 5,5’MO-ddm, (b) 5,7’MO-ddm, and (c) 7,7’
MO-ddm.
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3.73 ppm. Finally, symmetric bis-benzoxazines-5,5′MO-ddm
and 7,7′MO-ddm- only have one resonance from the methoxy
protons, while there are two resonances assigned to methoxy
in asymmetric 5,7′MO-ddm.
The resonances of protons in the benzene ring near the
alkoxy group appear at 6.34–6.45 ppm, and these are smaller
than those in PH-ddm without the substituted group.
Obviously, the change in resonance is caused by the alkoxy
group, which affects the electron density of the benzene ring.34
The study by Iguchi et al.35 mentioned that substitution at the
7-position is favored over substitution at the 5-position in a
3 : 1 ratio. By analyzing the integration of crude MO-ddm (in
the range of 6.34–7.08 ppm) into oxazine rings, we found that
the concentration of the 7-position to the 5-position is a 3 : 1
ratio. According to the ratio above and column chromato-
graphy results, substitution at the 7-position is easier than
that at the 5-position.
3.2 FT-IR analysis
FT-IR spectra of the m-alkoxyphenol-derived benzoxazine
isomers obtained using the KBr pellet method are shown in
Fig. 2. The existence of a benzoxazine ring aromatic ether in
the monomers is indicated by the band centered at
1230–1240 cm−1, which is due to the C–O–C asymmetric
stretching modes. Also, the oxazine-related mode is seen in
the spectrum at around 970 cm−1.42 Furthermore, the C–O
stretching vibration at round 1110 cm−1 is strong in the spec-
trum of MO-ddm.
3.3 Polymerization behavior of m-methoxy functional
benzoxazine monomer
The polymerization behavior of m-methoxyphenol-derived ben-
zoxazine was studied by DSC, and the thermograms of the
monomers are shown in Fig. 3. For each DSC curve, the
endothermic thermal events between 100–150 °C were attribu-
ted to the monomer melting, while the exothermic peaks
higher than 200 °C were associated with the heat released
during polymerization. Both sharp melting and polymerization
peaks indicate the purity of the monomers. Two melting peaks
for 5,5′MO-ddm showed crystal-to-crystal phase transition
during the melting behavior.25 Compared with the unsubsti-
tuted PH-ddm, the derived m-methoxyphenol presented lower
temperatures for both the onset and maximum polymerization
temperature.
In general, electron-donating groups led to a more acidic
phenolic species, resulting in a stronger catalytic effect taking
place and expected trend of opening the benzoxazine ring.43,44
m-Methoxyphenol is the most acidic of the three isomers and
lower than phenol because the pKa of p-methoxyphenol is
higher than 10, o-methoxyphenol and phenol are slightly lower
than 10, and m-methoxyphenol is around 9.6, according to the
experimental and calculated pKa values.
45–47 The signals of
protons in O–CH2–N in the NMR spectrum support the above
assumption. The chemical shift of protons in O–CH2–N corres-
ponding to the 7-position is more deshielded than the 5-posi-
tion. The change in electron density in the oxazine ring seems
to accelerate the ring-opening polymerization.35,48
All 3 isomers have the same substituent, and the only differ-
ence between the three is the position in which the methoxy
(MO) group is located. The MO group is a moderate to strong
activating group that directs reactions toward the ortho- and
para-positions. In compound 5,5′MO-ddm, the MO groups at
both sides of the bis-benzoxazine activate two different posi-
tions, specifically the 6- and 8-positions, which are in ortho-
and para-position, respectively, with respect to the position of
the MO group. Thus, compared to the non-activated PH-ddm,
compound 5,5′MO-ddm is more activated, and therefore, is
more reactive than PH-ddm. In compound 7,7′MO-ddm, the
MO groups at both sides of the bis-benzoxazine activate two
different positions, specifically the 6- and 8-positions, which
are both in ortho-position with respect to the position of the
MO group. Because activation at the ortho-position is in
Fig. 2 FT-IR spectra of benzoxazine monomers.
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general more effective than at the para-position for the same
substituent, it can be easily understood that isomer 7,7′MO-
ddm is more activated than 5,5′MO-ddm, and therefore, is also
more reactive (Table 1).
It is interesting to note that the 5,7′ bis-benzoxazine exhi-
bits a polymerization exotherm close to the averaged tempera-
ture of the 5,5′ and 7,7′ counterparts, rather than separately
showing two polymerization exotherms that correspond to
pure 5,5- and 7,7-isomers. If the 5,5′ and 7,7′ oxazine groups
are independently polymerized, the 5,7′ monomer should
show the onset of polymerization coinciding with 7,7′ benzoxa-
zine and the ending temperature coinciding with 5,5′ benzoxa-
zine. This is obviously not the case. Therefore, it is possible
that the two benzoxazine groups are interacting in the bis-
benzoxazine structure, and the electronic structure might be aver-
aged, rather than localized. Another possibility is that the bis-
benzoxazine molecule is influenced by common properties,
such as molecular orientation and collision probability, which
then result in an average polymerization temperature of the 5
and 7 positions, rather than two separate polymerization temp-
eratures that correspond to those different structures. In order
to obtain insights on these hypotheses, the electron density
distributions of the substituted and unsubstituted bis-benzox-
azines have been calculated and are shown in Fig. 4.
The electron density of the benzene ring to which the
oxazine ring is attached decreases in the order of PH-ddm >
5,5′MO-ddm > 5,7′MO-ddm > 7,7′MO-ddm. In this trend, the
lower the electron density on the benzene ring, the higher the
reactivity towards polymerization, and this is the opposite of
what we observed for the para-substitution.30 Hence, it is likely
that for meta-substitution, the electron-donating group acceler-
ates the rate of polymerization, whereas for para-substitution,
the electron-withdrawing group will accelerate the rate of
polymerization.
Table 2 lists the theoretically calculated natural charges
(the sum of the electron density of the constituent carbons) of
the phenolic benzene rings for all isomers of methoxy. Their
values can be compared with value of the unsubstituted
benzoxazine monomer, PH-ddm, which is obtained from
DDM, formaldehyde, and phenol. The natural charges of the
unsubstituted benzoxazine, PH-ddm, exhibit equal values of
−0.76192 for the right- and left-hand side of the phenolic
benzene ring. In comparison to these unsubstituted phenolic
benzene rings, the methoxy-substituted phenolic-based benzo-
xazines exhibit significantly more positive natural charge.
Such a large change in the charge density is clearly reflected in
the significant temperature reduction, as well as the lowering
of the activation energy of polymerization, as mentioned
above. In the case of the methoxy substitution, the natural
charges of the 5- and 7-position substitution are clearly shown
to independently behave. The natural charges expressed in
bold in the right- and left-hand sides correspond to the 5- and
7-position isomers, respectively, and they are nearly identical.
While there are some unique differences in the natural
charge behavior between the methoxy-substituted phenolic
structures, the clear separation of natural charge for each iso-
meric structure is reflected in the calculation. However, the
DSC thermogram of the 5,7′-isomer displays a narrow, sym-
metric, and single polymerization exotherm between the 5,5′-
and 7,7′-position rather than showing two peaks at the corres-
ponding 5,5′- and 7,7′ positions. At this point, two questions
could be separately raised, and that is, why only one exother-
mic peak is observed in the DSC thermogram for the polymer-
ization of 5,7′MO-ddm and why the polymerization tempera-
ture is between those corresponding two isomeric systems.
Fig. 3 DSC curves of m-alkoxy group benzoxazines.
Table 1 The data for the DSC curves of m-alkoxy group benzoxazines
Sample Tm (°C) To (°C) Tp (°C)
5,5′MO-ddm 117/134 238 242
5,7′MO-ddm 117 226 232
7,7′MO-ddm 106 209 216
PH-ddm 122 250 255
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The answer to the first question is that once the polymeriz-
ation reaction is initiated, the cationic reactive species possess
sufficient reactivity to react with either of the two oxazine rings
belonging to the isomer 5,7′MO-ddm regardless of the magni-
tude of ring-opening reactivities that are individually activated
by the MO groups. Thus, during the propagation step, both
oxazine rings in both moieties of the asymmetric, bis-benzoxa-
zine are indiscriminately reacting. This process might be seen
as comparable to a random copolymerization, although in the
current case, the two reactive oxazine rings are part of the
same asymmetric 5,7′MO-ddm isomer.
To understand why one polymerization temperature was
exhibited by 5,7′MO-ddm between the 5,5′- and 7,7′-positions
rather than the appearance of two peaks at the corresponding
5,5′- and 7,7′ positions, we need to take into consideration the
rate of the reaction theory and apply it to this isomeric system.
The reaction rates strongly depend on three factors: (a) the
number of collisions taking place per unit time, (b) the prob-
ability of those collisions occurring at energies greater than
the activation energy, and (c) the probability of collisions
occurring between molecules with the appropriate spatial
orientation. Clearly, any reaction condition that increases the
number of collisions per unit time, such as raising the reac-
tion temperature and increasing the concentration of reac-
tants, increases the rate of the reaction and vice versa.
A closer look at the chemical structure of isomer 5,7′MO-
ddm reveals that this asymmetric isomer can be seen as two
independent reactive moieties linked together. The moiety
bearing the MO group at the 5-position is electronically acti-
vated in the same manner as that of the less reactive isomer,
which is 5,5′MO-ddm, whereas the other moiety containing
the MO group at the 7′-position is electronically activated in
the same manner as that of the more reactive isomer, which is
7,7′MO-ddm. However, the two moieties belonging to isomer
5,7′MO-ddm are present in the reaction medium in lower pro-
portions as compared to those present as part of the 7,7′MO-
ddm or 5,5′MO-ddm. In other words, more activated moieties
can meet each other in 7,7′MO-ddm, because it is present on
both sides of the molecule, whereas it is more diluted in 5,7′
MO-ddm because it is present on only one side of the mole-
cule. Being present in a lower concentration will induce a
decrease in the number of collisions per unit time, making
this isomer less reactive. Therefore, isomer 5,7′MO-ddm
requires a higher temperature to react than the most reactive
isomer, which is 7,7′MO-ddm, although not as much as
required by isomer 5,5′MO-ddm.
The equimolar mixture of 5,5′MO-ddm and 7,7′MO-ddm
exhibited a single polymerization exotherm at 226 °C, near the
average polymerization temperature of the 5,5′- and 7,7′-posi-
tion isomers. This result strongly supports the explanation pro-
posed above.
3.4 Polymerization behavior of m-butoxy functional
benzoxazine monomer
The NMR spectrum of BO-ddm is shown in Fig. 5. In the 5,7′
BO-ddm spectrum, two groups of twin peaks at 4.50–4.52 and
5.27–5.29 ppm, which are assigned to the –CH2–N–Ar and –O–
CH2–N– protons, respectively, demonstrate the asymmetric
structure and influence on the difference in electron densities.
The protons near the oxygen atom in the butoxy group give
Fig. 4 The electron density distribution of the substituted bis-benzoxazines and PH-ddm.
Table 2 Electron density calculation of the methoxy-substituted phe-








































































rise to two triplets centered around 3.88 and 3.95 ppm, indi-
cating that the environments of these protons are different.
Usually, bis-benzoxazine of this size is easy to crystallize.
However, the structure of 5,7′BO-ddm is asymmetric, and its
side-chains are longer than those of MO-ddm, which makes it
difficult to crystallize.
The NMR spectrum of crude BO-ddm (Fig. 6) shows that
the integration of the 7-position butoxy is 7 times greater than
that of the 5-position, which indicates that the amount of 7,7′
BO-ddm is 3 times that of 5,7′BO-ddm. Furthermore, 5,5′MO-
ddm was isolated through column chromatography, while 5,5′
BO-ddm could not be obtained due to the very low amount in
the crude product. According to the ratio above and the
column chromatography results, substitution at the 5-position
of the methoxy group is easier than that of the butoxy group.
This is likely due to the greater steric hindrance of the butoxy
group as compared to the methoxy group.
The polymerization behavior of BO-ddm benzoxazine
obtained by DSC is shown in Table 3. The asymmetric 5,7′BO-
ddm also has one exothermic peak similar to that of 5,7′MO-
ddm, which verifies the interpretation of the polymerization
mechanism of asymmetric bis-benzoxazines.
Because the extra low maxima of the polymerization temp-
erature of 7,7′BO-ddm is impressive, the activation energies of
polymerization reactions of 5,7′BO-ddm and 7,7′BO-ddm were
determined by the DSC exothermic peak temperatures (Tp) as a
function of the heating rate using the well-known Kissinger
and Ozawa methods.49,50 The plots of ln(β) or ln(β/Tp
2) against
1/Tp for 5,7′BO-ddm and 7,7′BO-ddm are demonstrated in
Fig. 7 and 8, where b is the heating rate in °C min−1.
Interestingly, the Ea, shown in Table 4, is quite low at
68.0 kJ mol−1 (the Kissinger method) and 72.1 kJ mol−1 (the
Ozawa method), and these are much lower than those reported
for other oxygen-bearing substituted benzoxazine
monomers51–53 and PH-ddm54 (listed in Table 4). This acti-
vation energy of polymerization is much smaller than that of
bisphenol A and aniline-based benzoxazine (abbreviated as
BA-a), which is widely regarded as a standard in benzoxazine
research (listed in Table 4).55 The small activation energy of
7,7′BO-ddm indicates ease of polymerization in comparison to
the activation energy for BA-a benzoxazine that has been
reported in the literature. It further shows even lower values of
Fig. 5 1H NMR spectra of (a) 5,7’BO-ddm and (b) 7,7’BO-ddm.
Fig. 6 1H NMR spectrum of crude m-BO-ddm.
Table 3 List of melting points (Tm), onset temperatures (To), and exo-
therm maxima of polymerization (Tp) obtained from the DSC thermo-
grams of benzoxazine isomers substituted with the m-butoxy group
Sample Tm (°C) To (°C) Tp (°C)
5,7′BO-ddm — 226 236
7,7′BO-ddm 131 196 205
Fig. 7 Plots based on the Kissinger ( ) and Ozawa ( ) methods for cal-
culating the activation energy of polymerization for 5,7’BO-ddm.
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79.8 kJ mol−1 (the Kissinger method) and 81.5 kJ mol−1 (the
Ozawa method) for a self-catalyzed, methylol-functional
benzoxazine,56 without any obvious catalytic side groups. This
situation is favorable from a shelf life point of view, because
an internal catalytic group can limit the shelf life of the resin
unless the catalytic group is a part of a latent catalyst structure.
4 Conclusion
The isomers of dianiline-based benzoxazines synthesized from
phenols substituted in the meta-position by alkoxy groups were
successfully separated and purified by column chromato-
graphy. Their chemical structure was confirmed by carrying
out 1H NMR and FT-IR measurements. DSC was used to
further study the polymerization temperature of the series of
m-alkoxyphenol-derived benzoxazine compounds, which
showed different and much lower polymerization temperatures
than the ordinary benzoxazine resins, such as BA-a. The alkoxy
group acted as an electron donating substituent, which led to
a more acidic phenol species and resulted in a systematic
trend of benzoxazine ring-opening, and this was supported by
the 1H NMR data, which indicated deshielding of protons in
the oxazine ring. A Gaussian simulation was used to determine
the collective natural charge of the phenolic ring and the
oxygen in the oxazine ring of the compound. This simulation
showed that the natural charge behavior exhibited some
unique differences between the methoxy-substituted phenolic
structures. The relationship between reaction rate and col-
lision was applied to explain the phenomenon that asymmetric
bis-benzoxazine has only one exotherm and is between the
other two symmetric isomers, which was verified by polymeriz-
ation of 5,7′BO-ddm. It was also found that 7,7′BO-ddm exhi-
bits an extra low polymerization temperature and activation
energy, and these were lower than those of ordinary benzoxa-
zine monomers.
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